Changes in the cis-regulatory DNA sequences and transcription factor (TF) repertoires 15 provide major sources that shape the gene regulatory evolution in eukaryotes. However, it is 16 currently unclear how dynamic change of DNA sequences introduce various divergence level 17 of TF binding motifs in the genome over evolutionary time. Here, we estimated the 18 evolutionary divergence level of the TF binding motifs, and quantified their occurrences in 19 the DNase I hypersensitive sites. Results from our in silico motif scan and empirical TF-ChIP 20 (chromatin immunoprecipitation) demonstrate that the divergent motifs tend to be introduced 21 at the borders of the cis-regulatory regions, that are likely accompanied with the expansion 22 through evolutionary time. Accordingly, we propose that an expansion by incorporating 23 divergent motifs within the cis-regulatory regions provides a rationale for the evolutionary 24 divergence of regulatory circuits. 25 26 48 regulatory regions is a pivotal step so that transcriptional regulation can be rewired through 49 evolutionary time. General property of regulatory genomes lays on the broad presence of 50 clustered TFBSs in the cis-regulatory regions [17,18]. The divergence of cis-regulatory 51 sequences for harboring variable TFBSs but not alternations of TF binding motifs has been 52 proposed as the major driving force to cause the phenotypic changes [19,20]. However, the 53 manner in which the changes of DNA sequences in the cis-regulatory regions by harboring 54 diversified TF binding motifs remains unclear. Since a given region of DNA sequences can 55 harbor more than one TF binding motifs, the evovability within a cis-regulatory DNA 56 sequences for various TF binding motifs has not been systematically studied. 57 4
Introduction 27
Transcription factors (TFs) are primary regulators of gene expression by interacting with 28 DNA in a sequences-specific manner. The capability of a TF recognizing particular patterns 29 of nucleotides (i.e. motif) via its DNA binding domains is defined as DNA-binding From a functional genomics perspective, the interplay between TF binding events and cis-in humans emerged approximately after the divergence of the vertebrata lineage ( Figure 1) . 89 MPI was not biased by a couple of intrinsic motif properties, such as motif length and 90 information content (no significant correlation as shown in Supplementary Figure S1 ). But 91 the GC content was significantly lower in more divergent motifs (Supplementary Figure S1 ). 92 Moreover, no significant correlation between MPI and the gene age of their corresponding 93 TFs reflects the independence between the evolutionary history and the changes of binding 94 specificity of TF repertoires. 96 A theoretical study has suggested that the neighboring DNA sequences of the pre-existing TF 97 binding sites (TFBSs) are preferred for the emergence of newly evolved binding sites [30] . Figure 2B ). However, the PhastCons scores were significantly higher in 127 the DHS-center than in the DHS-edge ( Figure 2B , one-sided Wilcoxon rank-sum test, p = 128 1.70 × 10 -20 ). That is, less evolutionary constraint at the DHS borders may reflect the rapid 129 TFBS turnover, introducing the divergent motifs readily. 130 Theoretically, regulatory complexity such as the number of TF regulating a gene increases 131 continuously over the evolutionary time [33] . We thus examined whether the differences in 132 the mean MPI scores between DHS-center and DHS-edge remained in different ages of genes.
95

Borders of DHS regions prefer divergent motifs
133
The results showed that the significant differences on the mean MPI scores between DHS-134 center and DHS-edge were consistent in the promoters of all ages of genes ( Figure 3A ).
135
Nevertheless, we noticed that the numbers of longer DHSs increased in the older group of 136 genes (Supplementary Figure S3 ). We then performed a further analysis ( Figure 3B Intrigued by these results, we assessed the fold enrichment of occurrences between divergent 140 (MPI < 0.1) and common motifs (MPI >= 0.9) across gene ages and DHS lengths. The results 141 showed that the divergent motifs were not enriched in the short DHS (150-199 bp) regions 142 but enriched at the border regions of longer DHSs ( Figure 3C ). Similar robust results were 143 found when applying different cut-offs for specific (MPI < 0.2) and common motifs (MPI >= 144 0.8) (Supplementary Figure S4 ). Therefore, one feasible interpretation for our observations is 145 that the introduction of divergent motifs is likely to accompany with the elongation of the cis- DHSs with in vivo chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) 154 of 243 TFs ( Supplementary Table S1) Table S3 ). For 163 different lengths of DHSs, the TF-ChIP results also confirmed the significant differences on 164 the mean MPI scores between DHS-center and DHS-edge ( Figure 4B ).
165
Besides, we noticed that the motifs corresponding to those pioneer TFs, which were Supplementary Table S1 ). This intertwined with many TF paralogs that are particularly with a tissue-elevated expression. 216 Since rewiring of regulatory networks is crucial for divergent expression patterns in evolution 217 [45,46], we suspect that an expansion mechanism by incorporating more divergent motifs at regions between 150 to 400 bp. Since DHS regions having different lengths of peaks, the 413 mean MPI distribution was calculated in 0.1% relative distance sliding windows for DHSs.
414
The relative distance was defined as the normalized distance from the center of the fragments, 415 ranging from 0% at the center to 100% at the edge of a given DHS peak. The mean MPI 
